. Initiation of DNA fragmentation during apoptosis induces phosphorylation of H2AX histone at serine 139. J. Biol. Chem. 275,[9390][9391][9392][9393][9394][9395] 
Supplemental Figure S1 . Deletion of the Rec8 Gene by Homologous Recombination (A) Structure of the Rec8 wt genomic locus, targeting construct, and targeted allele, showing the location of restriction sites and marker genes. The wt locus consists of 20 exons (black boxes), 19 encoding the REC8 protein. Black triangles depict loxP sites flanking enhanced green fluorescent protein (GFP) and neomycin (Neo) cassettes, which replaced the Rec8 open reading frame. The GFP cassette was not expressed in Rec8 -/-cell lines or tissues (data not shown). (B) Southern blot analysis of DNA from ES cell clones hybridized with the 3' probe depicted in (A). (C) Northern blot analysis of RNA from adult mouse testis. A specific Rec8 mRNA transcript of similar intensity was observed in both wt (+/+) and heterozygous (+/-) genotypes, but was absent from Rec8-null testis. The same membrane was reprobed with β-actin to verify lane loadings.
(D) Rec8
-/-mice displayed both postpartum (top) and in utero (bottom: embryonic day 15.5) growth retardation compared to their wt and heterozygous littermates. Rec8 -/-embryos are physically smaller than their wt and heterozygous littermates, an effect seen by 15.5 dpc. The size difference is also evident in neonatal Rec8 -/-pups of both sexes and becomes more pronounced following weaning at 3 weeks, a time of high mortality for Rec8 -/-pups. Live male littermates (top) are shown at day 25 postpartum. The somatic phenotypes were unaffected by alteration of genetic background (129sv or 129sv X C57BL/6J) or the presence of the marker or selection cassettes (data not shown -/-Juvenile Animals To assist in determining the stage at which Rec8 loss becomes crucial for germ cell survival, we examined the appearance of different germ cell types during the first wave of synchronized meiosis in juvenile males. Days of postnatal development were selected based on the study by Bellve et al. (1977) : in wt pups, preleptotene (meiotic S-phase) cells appear around 10 days postpartum (dpp). Zygotene and pachytene spermatocytes are first observed at days 12 and 14, respectively. By day 16, the testis contains leptotene (5%), zygotene (7%), and pachytene (27%) spermatocytes. Primary spermatocytes reach late pachynema between 18 and 20 dpp. Dpp, postpartum; Sc, spermatocytes; St, spermatids. -/-tubules was verified with an anti-SCP3 antibody (green) that stains the AE/LEs of SC in primary spermatocytes. DNA is counterstained with propidium idodide (PI, red). (F) Testis sections adjacent to (E) were immunostained with an anti-γH2AX antibody (green). DNA is counterstained with PI (red). γH2AX has been shown to appear during apoptosis, concurrent with DNA fragmentation in somatic cells (Rogakou et al., 2000) . During meiosis, γH2AX marks meiotic DSBs and exhibits distinct distributions at various stages of prophase I (Mahadevaiah et al., 2001 ). Pachytene spermatocytes with typical γH2AX staining of the sex body (yellow dots on nuclei) are clearly evident in wt tubules but absent in Rec8 -/-tubules. Instead, homogenous γH2AX staining of nuclei was observed in Rec8 -/-primary spermatocytes. The strong γH2AX signal in these cells may be indicative of extensive DNA fragmentation occurring during apoptosis. Scale bars equal 20 µM.
Supplemental Figure S3 . Apoptosis in Wild-Type and Rec8 -/-Testes Tubules as a Function of Age (A-C) TUNEL staining of testes tissue sections from wt (top row) and Rec8 -/-(bottom row) littermates at 16 dpp (A), 19 dpp (B), and adult (C). Seminiferous tubules of wt mice contain occasional TUNEL-positive cells at all three ages examined. In contrast, TUNEL-positive cells appeared in greater number in the mutant tubules. The clustering of apoptotic nuclei in some tubules is expected, since spermatogenesis proceeds in tubule-autonomous asynchronous waves. Scale bars equal 20 µM. (D) Semiquantitative analysis of TUNEL-positive cells per cross-section of round seminiferous tubules in the three Rec8 genotypes. Testis cross-sections form six postnatal ages (11 dpp, 16 dpp, 18 dpp, 20 dpp, 19 dpp, and adult) were examined for apoptotic cells. Between 116 and 397 round tubule were scored for each data point except for wt testis at 11 and 19 dpp, for which fewer tubule cross-sections were evaluated (11 dpp, n = 55; 19 dpp, n = 52). Differences in the proportion of apoptotic cells were evident at different ages in Rec8 -/-mutants. At 11 dpp, one to five apoptotic cells per cross-section were observed in approximately 80% of tubules with any apoptotic cells in all three genotypes (data not shown). This was maintained at all developmental stages examined in both wt and Rec8 +/-mice. In contrast, the number of TUNEL-positive cells per tubule was greatly increased in Rec8 -/-testes compared to wt and Rec8 +/-individuals from 16 dpp through to 19 dpp and into adulthood, where many Rec8 -/-tubules were empty of germ cells except for spermatogonia. More than 30 TUNEL-positive cells per tubule cross-section were observed in Rec8 -/-tubules, despite many tubules being empty aside from spermatogonia and Sertoli cells. Given that primary spermatocytes reach early pachynema by 14 dpp and late pachytene spermatocytes appear between 18 and 20 dpp in mice (Bellve et al., 1977) , our data suggest that apoptosis occurs in a stage corresponding to early/mid pachynema in Rec8 -/-mice. These data, in light of the timing of different germ cells appearing in testis tubules (Bellve et al., 1977) , is consistent with germ cell death in Rec8 -/-testes occurring in early pachynema.
Supplemental Figure S4 . Assessment of Ploidy in Testis Cells of Wt, Rec8 +/-and Rec8 -/-Mice by Flow Cytometry (A) DNA content of disaggregated total testis cells from the three genotypes of adult littermates (wt and Rec8 +/-, n = 2 animals; and Rec8 -/-, n = 4 animals). The ploidy of each cell type in adult wt mice is as follows: spermatogonia and secondary spermatocytes are diploid (2N); primary spermatocytes are tetraploid (4N); spermatids and spermatozoa are haploid (1N). Testicular cells were disaggregated essentially as described in Bellve et al. (1977) . Cells were fixed in 70% ethanol and treated with propidium iodide (PI) and RNase A. DNA content was analysed by flow cytometry. Human lymphoblastoid cells were used as a diploid control. Profiles were derived from analysis of 10,000-12,000 cells with ≥2N DNA content. 1N cells (spermatids and spermatoza) in wt and Rec8 +/-were gated out, as these cells were absent from Rec8 -/-testis. 2N and 4N peaks were essentially identical in all three genotypes. A slightly greater number of cells was present in the "8N" peak in Rec8 -/-testis (also see Supplemental Table S1 ). These cells were resorted by flow cytometry and examined by microscopy (B). In all cases examined (n > 50), the resorted Rec8 -/-cells were doublets (i.e., pairs of cells adhering to each other and thus registering as 8N, but in fact two individual cells of 4N DNA content). Figure S4B ).
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Supplemental Table S2. Frequency of Prophase I Cells in Wild-Type and Rec8 Deleted Males
To attempt to establish a developmental sequence of the unusual morphologies in spermatocytes of Rec8 -/-mice, we analyzed the frequency of each prophase I stage in prepubertal mice (16 dpp) and adults. The stages of meiotic prophase I were identified by SCP3 and SCP1 coimmunostaining of spermatocyte spreads. The proportion of each meiotic prophase I cell population was expressed as a percentage of the total prophase I cells observed. Rec8 +/+ : 16 dpp, n = 421 cells; adult, n = 259 cells; Rec8 -/-: 16 dpp, n = 145 cells; adult, n = 189 cells. dpp, days postpartum. The images of chromosome spreads are for illustration only, not to scale.
In wt mice, the first wave of meiosis occurs at 10 dpp and pachytene spermatocytes appear by 14 dpp (Bellve et al., 1977) . Our data show that pachytene spermatocytes comprise more than 50% of the spermatocyte population in both 16 dpp and adult, consistent with the previous report (Bellve et al., 1977) . As expected, a higher proportion of leptotene/zygotene spermatocytes were recorded at 16 dpp compared to adult animals. Conversely, an increase in the number of diplotene spermatocytes was found in adult mice.
The proportion of leptotene spermatocytes in both 16 dpp and adult Rec8 -/-mice were similar to those of wt mice. Based on the patterns of SCP1 binding (albeit misplaced on univalents) and their chromosome configurations, five subgroups of zygotene-like spermatocytes were defined as type A to type E in no particular developmental sequence. However, it appeared that type A and type B cells are at an early zygotene stage, judging by the extent of SCP1 binding. Typical pachytene spermatocytes with fully synapsed homologous chromosomes were not observed in both 16 dpp and adult Rec8 -/-animals, suggesting that meiotic progression did not progress to the pachytene stage in Rec8 -/-mice. This is consistent with data from our histological and γH2AX immunohistochemical examination, and TUNEL assay (see Supplemental Figures S2 and S3 ). : 16.5 dpc n = 57 cells, 18.5 dpc n = 29 cells; Rec8 -/-: 16.5 dpc n = 38 cells, 18.5 dpc n = 18 cells. dpc, days postcoitum.
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In wt female mice, meiotic prophase occurs during embryogenesis, with appearance of a small percentage of leptotene and zygotene cells at approximately 13.5 dpc and 14.5 dpc, respectively (McClellan et al., 2003) . Pachytene oocytes appear at 15.5 dpc, peak at 17.5 dpc, and remain at a similar level until the day of birth (McClellan et al., 2003) . Diplotene cells appear at the day of birth and by 2 days postpartum (dpp), all oocytes enter into diplotene stage (McClellan et al., 2003) . We analyzed chromosome spreads from ovaries of wt and Rec8 -/-littermates at 16.5 dpc and 18.5 dpc. Not all types of zygotene-like nuclei seen in males (Supplementary Table S2 
